ABSTRACT 3, 5, 6, 7, -quinoline hydrochloride hydrate), an acetylcholinesterase inhibitor, is structurally related to 4 aminopyridine (AP). Its effects on ionic currents were examined in the artificial node of the crayfish axon under voltage-clamp. When applied externally, NIK-247 revers ibly suppressed both inward and outward currents. Effects on K currents were further studied in the presence of tetrodotoxin. NIK-247 suppressed the K current dose-de pendently, but with an IC50 at of 10-3 M. THA (9-amino-1,2,3,4-tetra-hydroacridine hydrochloride hydrate), a related inhibitor, similarly suppressed the K current with an IC50 of 5 X 10-4 M, in comparison with 3-AP and 4-AP which had IC50's of 3 X 10-5 M and at 10-5 M, respectively. Furthermore, NIK-247 (and THA) suppressed the K current uniformly for the whole time course, whereas AP the AP's suppressed mainly the fast activating and inactivating K current with a voltage and frequency-dependent recovery. Therefore, NIK-247 and THA seem to be neither potent nor very specific as ionic channel blockers. With respect to the K current, however, they clearly differ from the AP's in their mode of suppression.
NIK-247 (9-amino-2,3,5,6,7,8-hexahydro-1H cyclopenta[b]-quinoline hydrochloride hydrate) has been synthesized as an inhibitor of acetyl cholinesterase (AChE) and proven to inhibit AChE in rat brain (1) . Because involvement of the neuronal cholinergic system has been suggested in learning and memory (2) , possi ble therapeutic use of NIK-247 in this respect has been explored. Studies have indicated that NIK-247 facilitates memory acquisition and re trieval in mice (3) and improves drug-induced amnesia in mice and rats (4, 5) . It has been well-established that THA (9-amino-1,2,3,4 tetrahydro-acridine hydrochloride hydrate), a related AChE inhibitor, improves cognitive function and memory (6, 7) and facilitates synaptic transmission in the cholinergic system (8) .
Cellular mechanisms in learning and mem ory which have been extensively studied, however, involve mostly non-cholinergic sys tems. In terms of the short or long-term memory, changes in the K current play an im portant role in the synaptic plasticity (9) . 4 Aminopyridine (4-AP), a potent K channel blocker, increases the long-term potentiation in the rat hippocampus (10) . 3,4-Diaminopyri dine protects against the performance deficits induced by hypoxia in passive avoidance tasks in rats (7) and improves the spatial working memory in aged rats (11) . These effects have been explained as the result of prolongation of impulses at the presynaptic terminal, which would increase transmitter release and facili tate synaptic transmission (10, 12) . Since THA is a derivative of 4-AP, the K channel has been often inferred as one of the pharmaco logical targets. NIK-247 is also structurally re lated to 4-AP, but its effects on ionic channels have been so far unexplored.
In this study, we examined the effects of NIK-247 on voltage-dependent ionic currents in crayfish axon, in comparison with those of AP's and THA. Although NIK-247 suppresses the ionic currents in a dose-dependent fashion, the effect has proven to be neither potent nor specific for the K current. In terms of the K current, however, NIK-247 and THA clearly differ from the AP's in their mode of suppres sion. two lateral ones. The axon in the central pool was further isolated with vaseline seals to form an "artificial node" (Fig. 1) . The central pool was continuously perfused with saline at a flow rate of 0.75 ml/min by means of a peri staltic pump. Complete solution exchange took less than 40 sec. The lateral pools were filled with isotonic KCl (256 mM). The membrane potential (Vm, Fig. 1 ) was recorded by KCI-filled glass microelectrodes, inserted at the node, against the virtual ground in the central pool that also served to record the membrane current (1m). The two lateral pools were each equipped with a Ag AgCI wire electrode. First under the current clamp (CC), current pulses (Stim) were given to one of the lateral pools, and action poten tials (Ve) were extracellularly recorded from the other. The ratio of Vm/Ve [= 1 + (ri/re), r, being the internal axial resistance .and re, the external leakage resistance] gave a meas ure of the effectiveness of the vaseline seals; and it was used as a correcting factor for Im (13) . The axons with a Vm/Ve ratio of 1.2 1.5 and a Ve > 80 mV were selected for the voltage clamp experiments.
Under the voltage clamp (VC), the two lateral wire electrodes were connected, and fed with the output of the clamp amplifier (CEZ-1100, Nihon Kohden). This configura tion gave a good space control over the node membrane (13) , when the node length was limited to 200 250 ,u m . The holding potential was set at the resting potential, unless other wise stated. The membrane leakage current was electronically subtracted from Im. Vm and Im records were digitized for storage in FD and were later plotted on an X-Y plotter.
Standard saline was a modified van Har reveld's solution and had the following com position: 207 mM Na, 5.4 mM K, 13.5 mM Ca, 5.3 mM Mg, 250 mM Cl and 10 mM HEPES buffer, adjusted to pH 7.4. To abolish the Na current, 100 nM tetrodotoxin (TTX) was added to the saline. All experiments were performed at a constant temperature of 8 10°C.
Drugs 
RESULTS
In the preliminary experiments, the axon was mounted in the chamber without seals, and it was stimulated at one end. The resting potential was between -85 and -88 mV, and the conducted action potential was 120.9 ± 1.5 mV (n = 8), as shown in Fig. 2A . With 10-3 M NIK-247, no appreciable change occurred in either the input resistance or the resting potential. The action potential, how ever, became broadened and smaller (B). The effects were completely reversed in 10 min upon wash-out (C).
The effects on the ionic currents were ex amined under voltage-clamp. The artificial node was held at -100 mV. The sample re cords in Fig. 3A show that a series of depolar izing command steps induced inward currents, with a peak of 12.7 mA/cm2, and delayed out ward currents. NIK-247 at 3 X 10-4 M clearly suppressed both inward and outward currents. The effects were also shown plotted as current-voltage relations in Fig. 3B . Since TTX blocks the inward current, NIK-247 seems to suppress both the Na and K currents, being less selective than the AP's. IC50 for suppression of the Na current was estimated as 4 X 10-4 M. The effects of NIK-247, THA, 4-AP and 3-AP all reached a steady state within 10 min.
Suppression of the K current by NIK-247
Because NIK-247 is a derivative of AP and also is able to block the outward current, further comparison was carried out in terms of suppression of the K current after blocking the Na current with 100 nM TTX.
Since the effect of the AP's was time-variant (14), suppression of the K current was tenta tively compared for the peak K current at 2.5 msec on the voltage step to +35 mV from the holding potential of -85 mV. The dose-sup pression curves in Fig. 4 were obtained. For both NIK-247 and THA, random doses were applied after each recovery. Time-invariant mode of suppression of the K current in NIK-247 In crab axons, it has been postulated on the basis of kinetic studies that the K channels consist of two distinct types: a fast activating and inactivating one and a delayed non-inacti vating one (15) . When applied externally at mM concentrations, 4-AP preferentially blocks the fast K current (16) . If a similar distinction applies to crayfish axons, it might be possible to differentiate the drug effects further.
In crayfish axons, 4-AP at 0.1 mM proved to suppress mainly the fast part of the K cur rent. Sample records in Fig. 5A and B show responses to +40 mV steps from the holding potential of -80 mV, each superimposed be fore and after application of drugs after 10 min. 4-AP suppressed the K current to 32 ± 4% (n = 3) at 2.5 msec, but only to 73 ± 2% at the end of the 100 msec pulse (Fig. 5B) . 3 AP at 0.1 mM also showed time-variant sup pression; i.e., to 50 ± 5% (n = 3) at 2.5 msec, but to 87 ± 3% at 100 msec.
In contrast, the effect of NIK-247 was char acterized by time-invariant suppression as shown in Fig. 5A . NIK-247 at 1 mM suppres sed the K current uniformly over the whole time course; i.e., to 52 ± 2% (n = 5) of the control at 2.5 msec and to 53 ± 2% at 100 msec. The effect of THA was also time-invari ant, similar to that of NIK-247 (not shown).
The differences are also shown in the current-voltage relations of Fig. 5 , for the peak current at 2.5 msec (C) and for the steady current at the end of 100 msec pulses (D). Suppression of the peak current by NIK 247 was similar to that by 3-AP (C). Suppres sion of the steady current, however, differed markedly (D) in that depolarization beyond 0 mV removed the suppression by 3-AP, but not that by NIK-247. The time-variant effect of the AP's is attributed to voltage-dependent re moval of blockers in squid axon (14) . The time-invariant effect of NIK-247 would indi cate the absence of such voltage-dependency, and suppression of not only the AP-sensitive K current but also the AP-insensitive one. Fig. 6 . Absence of the frequency-dependent recovery in the presence of NIK-247. A: Sample records in the presence of 0.1 mM 3-AP. Responses were induced by command pulses delivered at 1 Hz, each of 120 mV and 10 msec. The peak K current was suppressed to 16% of the control on the 1st pulse (record 1), but recovered on subsequent pulses to 66% on the 12th pulse (record 12). B: There was a frequency-dependent recovery in the presence of 3-AP (0.1 mM, •), but not in the presence of NIK-247 (3 mM, 0). The last re sponses in a train of 12 pulses were normalized to the control and plotted against the frequency.
Absence of the frequency-dependent recovery
The suppression by the AP's was also re moved on repetitive stimulation. Sample re cords in Fig. 6A show the K current induced by 12 consecutive pulses at 1 Hz, each of 120 mV and 10 msec. After 10-min equilibration in 0.1 mM 3-AP, the peak current on the 1st pulse was suppressed to 16% of the control (record 1). The peak current, however, recov ered to 26% on the 2nd pulse (record 2), and progressively to 66% on the 12th (record 12). Similar experiments in 3 mM NIK-247 showed the absence of such a recovery.
The recovery on repetitive stimulation in the AP's was highly dependent on stimulus frequency. Figure 6B shows the effect of changes in frequency, with the same pulse am plitude and duration. Each data point repre sents the IK on the 12th pulse, relative to the control. In 3-AP, no recovery was observed at 0.017 Hz or at 60 sec interval. The suppression was removed on increasing frequency, to reach a steady level of 0.75 at frequencies beyond 0.5 Hz. In contrast, the suppression in NIK-247 was clearly frequency-independent. The suppression in THA was also frequency independent.
DISCUSSION
The present results indicate that NIK-247 reversibly blocks voltage-dependent ionic cur rents in crayfish axons. Even though dose dependent, the effects are neither potent nor specific for the K current as might be expected for an AP derivative. With respect to the K current, however, NIK-247 clearly differs from the AP's in its mode of suppression.
Some agents related to 4-AP have been re ported to block the K current, although such effects are not exactly specific. THA blocks the K current in guinea pig ventricular myocytes (17) and Myxicola axons (18) and blocks the A current in hippocampal neurons (19) . 9-Aminoacridine, an analog of THA, also blocks the K current in squid axon (20) . In addition, however, THA blocks the Ca cur rent in ventricular myocytes (17) and the Na current in hippocampal neurons (19) . Further more, THA inhibits the Na inactivation in Myxicola axons, more potently than its block of the K current (18). 9-Aminoacridine also blocks the Na current in squid axons (20) .
In view of such a variety of effects, it would not be surprising that NIK-247 also blocks both the Na and K currents in crayfish axons. In this study, particular attention has been paid to the K current because the drug's struc ture is related to 4-AP. The time-invariant effect of NIK-247 with no frequency-depend ent recovery is in contrast to the effect of the AP's (Figs. 5 and 6 ). However, whether the AP-sensitive and AP-insensitive K currents represent distinct channel types is still open to discussion.
There are several reports in the literature that crustacean neurons possess more than one type of K channel. For example, it has been proposed that a transient K current IA, which has been described first in molluscan neurons (21) , determines the low-frequency character istics of the repetitive activity in crustacean ax ons (22) . In crab axons, at least two distinct K channels are postulated, in which 4-AP inhib its the repetitive firing elicited with long-last ing current pulses in K-free saline (16) . Cray fish axons are also known to fire repetitively, but kinetic analysis has not been reported ex cept in the stretch receptor neurons.
It is difficult at present to assess whether or not such effects on the ionic currents signifi cantly contribute to their ameliorative effects. NIK-247 and THA are reported to be effec tive on drug-induced amnesia at 0.03-1 mg/kg in animal experiments (4, 5) . In rats, THA at 10 mg/kg, p.o. reaches the maximum serum level of 200 ng/ml (23) (i.e., about 10-6 M). In patients with Alzheimer's disease, THA at 50 mg/body, p.o. also reaches the maximum serum level of 20 ng/ml after 2 hr (24) (i.e., about 10-7 M). In contrast, THA levels reported in the literature on ionic cur rents ranges between 10-5 M and 10-4 M, which are similar to the IC50's for THA and NIK-247 in the present study (Fig. 4) . There fore, unless a high affinity for the neuronal membrane could be assumed, the ionic chan nels would be unlikely to be one of the major targets of NIK-247 and THA.
